Doping dependence of electromagnetic response in electron-doped cuprate 

superconductors 
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Within the framework of the kinetic energy driven superconducting mechanism, the doping depen- 
dence of the electromagnetic response in the electron-doped cuprate superconductors is studied. It is 
shown that although there is an electron-hole asymmetry in the phase diagram, the electromagnetic 
response in the electron-doped cuprate superconductors is similar to that observed in the hole-doped 
cuprate superconductors. The superfluid density depends linearly on temperature, except for the 
strong deviation from the linear characteristics at the extremely low temperatures. 
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The parent compounds of cuprate superconductors are 
Mott insulators with an antiferromagnetic (AF) long- 
range order ( AFLRO) [lj , then the AF phase is subsided 
and superconductivity is realized by doping a moderate 
amount of holes or electrons into these Mott insulators 
[2|, |3| . It has been found that only an approximate sym- 
metry in the phase diagram exists about the zero doping 
line between the hole-doped and electron-doped cuprate 
superconductors [4|, |5| , and the significantly different be- 
haviors of the hole-doped and electron-doped cuprate su- 
perconductors are observed, reflecting the electron-hole 
asymmetry. Among the various unusual properties in 
cuprate superconductors, the electromagnetic response 
is a key ingredient to understand the still unresolved 
mechanism of superconductivity [6j. To elucidate it, the 
knowledge of the magnetic field penetration depth (then 
the superfluid density) and its evolution with doping and 
temperature is of crucial importance [6]. Experimen- 
tally, by virtue of systematic studies using the muon-spin- 
rotation measurement technique, some essential features 
of the electromagnetic response in cuprate superconduc- 
tors have been established now for all the temperature 
T < T c throughout the SC dome. For the hole-doped 
cuprate superconductors [&llfj|. an agreement for the 
electromagnetic response has emerged that a simple d- 
wave superconducting (SC) gap leads to a crossover of 
the superfluid density from the linear temperature de- 
pendence at low temperatures to a nonlinear one at the 
extremely low temperatures. However, there are some 
controversies in the electron-doped side. The early muon- 
spin-rotation experimental results of the electron-doped 
cuprate superconductors [ll|, 03 showed that the electro- 
dynamics are consistent with a gaped s-wave behavior. 
Later, the muon-spin-rotation experimental data [13l4l5J | 
showed that at the low doping levels, the superfluid den- 
sity at low temperatures is quadratic in temperature, but 
at the higher dopings, the superfluid density has an ac- 
tivated behavior, suggesting a d-wave to s-wave pairing 
transition near the optimal doping. However, the recent 
muon-spin-rotation experimental results |16h18] showed 
that the superfluid density exhibits a linear temperature 
behavior, indicative of a pure d-wave state. In partic- 
ular, these experimental results (16l - [l8j found a behav- 



ior of the electromagnetic response of the electron-doped 
cuprate superconductors similar to that observed in the 
hole-doped case |6HlC)l|. Theoretically, the most of the 
interpretations for the unusual electromagnetic response 
are focused on the hole-doped cuprate superconductors. 
In order to elucidate the mechanism of superconductivity, 
it is necessary to look into electron-doped cuprate super- 
conductors too, and then to identify the differences and 
similarities between the hole-doped and electron-doped 
cuprate superconductors. 

In our recent work [191 ] , the electromagnetic response in 
the hole-doped cuprate superconductors has been stud- 
ied based on the kinetic energy driven SC mechanism 
[20l I2l1 ] , and then the main features of the doping and 
temperature dependence of the local magnetic field pro- 
file, the magnetic field penetration depth, and the su- 
perfluid density observed on the hole-doped cuprate su- 
perconductors [6H10l| are well reproduced. In this paper, 
we study the doping and temperature dependence of the 
electromagnetic response in the electron-doped cuprate 
superconductors along with this line. We show explicitly 
that although the electron-hole asymmetry is observed in 
the phase diagram 0, Q , the main features of the electro- 
magnetic response in the electron-doped cuprate super- 
conductors are similar to that observed in the hole-doped 
cuprate superconductors [19(. The superfluid density is 
the wide range of linear temperature dependence at low 
temperature, extending from close to the SC transition 
temperature to down to the temperatures T ~ 8K for dif- 
ferent doping concentrations, then at the extremely low 
temperatures T < 8K, the superfluid density crosses over 
to a nonlinear temperature behavior. 

It is commonly accepted that the essential physics of 
cuprate superconductors is properly accounted by the 
two-dimensional t-J model on a square lattice [221 ] . This 
t-J model with the nearest neighbor hopping t has a 
particle-hole symmetry because the sign of t can be ab- 
sorbed by changing the sign of the orbital on one sublat- 
tice. However, the particle-hole asymmetry in the phase 
diagram of cuprate superconductors can be describe d by 
including the next- nearest neighbor hopping t' |23l - [25| . 
which therefore plays an important role in explaining the 
difference between electron and hole doping. Further- 



more, for discussions of the doping and temperature de- 
pendence of the electromagnetic response in the electron- 
doped cuprate superconductors, the t-t'-J model can be 
extended by including the exponential Peierls factors as, 

H = t^e-tWWpCld+iiaPl 

if) a 

- t'J2 e ~ iie/h)Ml) '* pc l c i+*<r p ^ 

if a 

- M ^PC7t r C iCT Pt + J ^ s .. s . + ^ (1) 



where t < 0, t' < 0, fj = ±x, ±y, f = ±x ± y, C\ a 
(Cia) is the electron creation (annihilation) operator, 
Si = (Sf , Sf , Sf) are spin operators, and fi is the chemi- 
cal potential. In the Hamiltonian ([1]), the hopping terms 
together with exponential Peierls factors account for the 
coupling of the electron charge to an external magnetic 
field [19| in terms of the vector potential A(7), while 
the nontrivial part resides in the projection operator P 
which restricts the Hilbert space to exclude the zero oc- 
cupancy in the electron-doped cuprate superconductors, 

i-e., E. ClC ia > 1. 

For description of the hole-doped cuprate supercon- 
ductors, the charge-spin separation (CSS) fermion-spin 
theory [2l|, (26| has been developed for incorporating the 
electron single occupancy local constraint. However, to 
apply this CSS fermion-spin theory to the electron-doped 



as 



counterparts, the Hamiltonian (fTJ) should be rewritten in 
terms of a particle-hole transformation d a — > f i 

El, 



H = -t-£e-WWfU<+*> 



if a 

ia if] 

then the local constraint without the zero occupancy 
J2a ^ia-Cia > 1 is transferred as the single occupancy 



local constraint Y. a Ha ha < h where f ia (fa) is the 
hole creation (annihilatio n) oper ator. Now we follow the 
CSS fermion-spin theory [2l], [26| , and decouple the hole 
operators as fa = a\^S~ and fa = at, S^, respectively, 

where the spinful fermion operator ai CT = e~ l at rep- 
resents the charge degree of freedom together with some 
effects of the spin configuration rearrangements due to 
the presence of the doped electron itself (charge carrier), 
while the spin operator Si represents the spin degree of 
freedom, then the single occupancy local constraint in 
the electron-doped cuprate superconductors in the hole 
representation is satisfied in analytical calculations. In 
this CSS fermion-spin representation, the Hamiltonian 
([2]) can be expressed as, 



H = *£' 



-i(e/h)A(l)-n, t 
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( a i+f)t ai 1~Si ^i+fj + a i+f,l a ilSi Si+fj) -t// 



-i(e/ft)A(l)-f/„t 



', 2_^ a ia a io + -^eff 2_^ ^i ■ Si+fj, 



{a i+f ^ai\S i S t+f + a-i+f^aiiSi S i+f ) 



(3) 
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is the 



where J e g = (1 - S) 2 J, and S = (a\ a a la ) = (aja^ 
electron doping concentration. 

As in the discussions of the hole-doped case [201, tne 
SC order parameter for the electron Cooper pair in the 
electron-doped cuprate superconductors also can be de- 
fined as, 



A = (cicl-c},cU = (. 



il^jf 



{a^a^SJS, - a li a ]t S l S+) 



= -(SfSr)A a , 



(4) 



with the charge carrier pairing gap parameter A a = 
(ojiOi-f — aj-fdii). F° r the hole-doped cuprate supercon- 
ductors, a large body of experimental data [4|, |28| indi- 
cate that the hot spots are located close to the antinodal 
points of the Brillouin zone, resulting in a monotonic 
(simple) d-wave gap. However, in contrast, a number 
of experiments, including angular resolved photoemission 
[291 |30|. scanning SC quantum interference device mea- 



surements fell . Raman scattering [32|, and phase sensi- 
tive study [23| show that the hot spots are located much 
closer to the zone diagonal in the electron-doped side, 
leading to a nonmonotonic d-wave gap, 



A(k) = A[ 7 ^ - B^] 



(5) 



where 7J1 



[cosk x — cosk y ]/2 and 7! = [cos(2fca;) — 
cos(2fcj,)]/2, then the maximum gap is observed not at the 
nodal points as expected from the monotonic d-wave gap, 
but at the hot spot between nodal and antinodal points, 
where the AF spin fluctuation most strongly couples 
to electrons, supporting a spin- mediated pairing mech- 
anism. 

In the case of zero magnetic field, it has been shown 
[20l . [2l| in terms of Eliashberg's strong coupling theory 
that the charge carrier-spin interaction from the kinetic 
energy term in the Hamiltonian ([3~]) induces a charge car- 



rier pairing state with the d-wave symmetry by exchang- 
ing spin excitations, then the SC transition temperature 
is identical to the charge carrier pair transition temper- 
ature. Moreover, this d-wave SC state is controlled by 
both SC gap function and quasiparticle coherence, which 
leads to that the maximal SC transition temperature oc- 
curs around the optimal doping, and then decreases in 
both underdoped and overdoped regimes. In particular, 
within this kinetic energy driven SC mechanism [2l[ I34J , 
some main features of the doping dependence of the low- 
energy electronic structure [23], the dynamical spin re- 
sponse [351 ] . and the electronic Raman response 36] in 
the electron-doped cuprate superconductors have been 
quantitativel y re produced. Following these previous dis- 
cussions [23, [35|, |36fl , the full charge carrier Green func- 
tion of the electron-doped cuprate superconductors can 
be obtained in the Nambu representation as, 



ff(k, ioJ r , 



^aF ■ 



iU) n T + £ ak T 3 - A aZ (k)Tl 

(^) 2 -£ a 2 k 



(6) 



where To is the unit matrix, t\ and T3 are Pauli matri- 
ces, the renormalized charge carrier excitation spectrum 
£ak = -ZaF^ak, with the mean-field charge carrier excita- 
tion spectrum £ a k = ZtX\!j£ — Zt'xrru^ ~ Mj the spin 
correlation functions xi = (Sf S~ + ~) and \2 = (S^S~ +f ), 

7 k s) = (l/Z)Er,e^% 7 f } = (l/Z)Ef e ik " f , Z is the 
number of the nearest neighbor or next-nearest neighbor 
sites, the renormalized charge carrier d-wave pair gap 
A a z(k) = Z a pA a (k), with the effective charge carrier d- 



M) . 



s 7k 2d) ] 



wave pair gap A a (k) = A a [7 k 

carrier quasiparticle spectrum E^ 

while the effective charge carrier pair gap A a (k) and the 
quasiparticle coherent weight Z a p satisfy the following 



and the charge 

lak+|Aaz(k)P, 



equations 



.27] A a (k) 

0) |k=[7T,0]) 



4 o) (k,w = 0) and Z~p = 1 



.(a) 



where E\ a '(k,u) and Z y 2 a >(k,uj) 



(«)/ 



bubble in the charge carrier particle-hole and particle- 
particle channels, respectively, and have been given in 
Ref. [23 except the effective charge carrier monotonic 
d-wave gap has been replaced by the present nonmono- 
tonic one, while S^ (k, w) is the antisymmetric part of 
Ej° '(h, u). These equations have been solved simultane- 
ously with other self-consistent equations [23, [35| , then 
all order parameters and chemical potential /i have been 
determined by the self-consistent calculation. 

For discussions of the electromagnetic response in the 
electron-doped cuprate superconductors, we need to cal- 
culate the response kernel K^ u , which is closely related to 
the response current density J^ and the vector potential 
A v in terms of the liner response theory as 33] , 



J M (q,u;) = - J^ i^(q, u)A v (q, w), 



(7) 



with the Greek indices label the axes of the Cartesian 
coordinate system. This doping and temperature depen- 
dence of the response kernel ([7]) can be separated into 

-(d) ( „ .a , tf(p)t 



two parts as -ftT M „(q, w) = K^Jfa u) + KJS/fa, u), where 



K)xJ (q, u) and KJS) (q, u) are the corresponding diamag- 
netic and paramagnetic parts, respectively. In this case, 
we [l9j have discussed the doping and temperature de- 
pendence of the electromagnetic response in the hole- 
doped cuprate superconductors, and results show that 
the the electromagnetic response consists of two parts, 
the diamagnetic current and the paramagnetic current, 
which exactly cancels the diamagnetic term in the nor- 
mal state, and then the Meissner effect is obtained for all 
the temperature T < T c throughout the SC dome. Fol- 
lowing our previous discussions for the hole-doped case 
[l9( , the diamagnetic and paramagnetic parts of the re- 



-(d) 



(p). 



are the charge carrier self-energies obtained from the spin 



sponse kernel K^J (q, w) and KfSJ{(\,w) in the electron- 
doped cuprate superconductors can be obtained in the 
the static limit as, 



J 



tf$(q.o) = -S-(xi0it- 2x2020^ = 4-^. 



;< 2 



V- 1 ' ~ \2 U A"- 



K$(q,0) = ^^7^(k + q,k)7:(k + q,k)[ J L 1 (k,q) + i 2 (k,q)]=4P)(q,0)^, 



(8b) 



where the charge carrier particle-hole parameters (f>i — {a ia ai + fj a ) and fa = ( a L a i+fo-}, -^ 2 = — 4e 2 (xi0it — 
2x24>2t')/h 2 is the London penetration depth, and now is doping and temperature dependent, while the bare current 
vertex 7 M (k + q,k), 



-^e3 i ^{8in(fc jU + ig /i )[xit-2x 2 t' £ cos(t\q v ) cos(k v + ±q u )} 

Vjt/J, 

7 P (k + q,k) = <{ -i(2x2t')cos(k tl + |g M ) J2 amq u sin(k v + 5^)}^ for /i ^ 0, 

§r 3 for (j, = 0, 



(9) 



with the functions Ia(k, q) and £2(k, q) are given by, 

T ,, s ryi f, , fakfak+ q + A aZ (k)A aZ (k + q)\ ?i f (S ak ) -n F (S ak+q ) 
Li(k,q) = Z aF I 1 ' 



L 2 (k,q) = Z^. 1- 



-E-ak^-ak+q / E-ak — ^ak+q 

CakCak+q + A aZ (k)A aZ (k + q) \ n F (E ak ) + n F (E ak+q _) - 1 



-E-ak^ak+q 



E t[ 



E t 



k+q 



(10a) 
(10b) 
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As in the hole-doped case [19JJ , it is easy to show that 
in the long wavelength limit, i.e., |q| — > 0, K^y (q — > 
0,0) = at zero temperature (T = 0). In this case, 
the long wavelength electromagnetic response is deter- 
mined by the diamagnetic part of the kernel only. On the 
other hand, at the SC transition temperature (T = T c ), 

Kyy(q —> 0,0) = — (1/AfJ, which exactly cancels the 



diamagnetic part of the response kernel (|8ap . and then 
the Meissner effect with an external magnetic field is ob- 
tained for all T <T C throughout the SC dome. 

However, as in the hole-doped case [19j, the result we 
have obtained the response kernel of the electron-doped 
cuprate superconductors in Eq. ((5J) can not be used for 
a direct comparison with the corresponding experimen- 
tal data of the electron-doped cuprate superconductors 
because the response kernel derived within the linear re- 
sponse theory describes the response of an infinite sys- 
tem, whereas in the problem of the penetration of the 
field and the system has a surface, i.e., it occupies a half- 
space x > 0. In such problems, it is necessary to im- 
pose boundary conditions for charge carriers. This can 
be done within the simplest specular reflection model 
|38| with a two-dimensional geometry of the SC plane. 
Taking into account the two-dimensional geometry of the 
electron-doped cuprate superconductors within the spec- 
ular reflection model [38| . we can obtain explicitly the 
magnetic field penetration depth as [19j . 



A(T) 



1 
B 



h z {x) dx 



dq x 



it J ^oK yy (q x ,0,0) + q^ 
o 



(11) 



which therefore reflects the measurably electromagnetic 
response in the electron-doped cuprate superconductors. 
It has been shown that there is a similar strength of the 
magnetic interaction J sa 0.1 ~ 0.13eV for both hole- 
doped and electron-doped cuprate superconductors [231 - 
l25j . Although the values of t and t' in the Hamiltonian 
([T]) are believed to vary somewhat from compound to 
compound, the numerical calculations |23l - [25| have ex- 
tracted the range of these parameters for the electron- 
doped cuprate superconductors as t/J « —2.5 ~ —3 
and t' /t ~ 0.2 ~ 0.3. In this case, as a qualita- 
tive discussion in this paper, the commonly used pa- 
rameters are chosen as t/J = —2.5, t' jt = 0.3, and 
J = 0.13cV« 1500K. Furthermore, for the convenience 
in the following discussions, we introduce a character- 
istic length scale ao = y/YPaj \i§e 2 J . Using the lat- 
tice parameter a w 0.396nm [39| for the electron-doped 



cuprate superconductor Pr 2 _ s Ce :c Cu04_5, this charac- 
teristic length is obtain as ap ~ 80.88nm. 
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FIG. 1: The temperature dependence of the magnetic field 
penetration depth AA(T) for S - 0.13 (solid line), 5 = 0.15 
(dashed line), and 8 — 0.20 (dash-dotted line) with t/J — 
—2.5, t'/t — 0.3, and J = 1500K. Inset: the corresponding 
frequency shift of the resonator for Pr2- 2! Ce :l ;Cu04_5 taken 
from Ref. \M ■ 



We are now ready to discuss the doping and temper- 
ature dependence of the electromagnetic response in the 
electron-doped cuprate superconductors. Firstly, we dis- 
cuss two limited cases of T = and T = T c , respectively. 
At T = 0, the magnetic field penetration depths are ob- 
tained as A(0) » 366.61nm, A(0) « 344.62nm, and A(0) « 
308.31nm for the underdoping S — 0.13, the optimal dop- 
ing 5 — 0.15, and the overdoping 5 — 0.20, respectively, 
which arc consistent with the values of the magnetic field 
penetration depth A sa 115nm ~ 470nm observed for dif- 
ferent families of the electron-doped cuprate supercon- 
ductors at different doping concentrations [TIHlq |. On 
the other hand, when T — T c , we find that the kernel 
of the response function K^(q — > 0, 0)\t=Tc = 0, this 
leads to the magnetic field penetration depth A(T C ) = oo, 
reflecting that in the normal state, the external mag- 
netic field can penetrate through the main body of the 
system, therefore there is no the Meissner effect in the 
normal state. To analyze the evolution of the elec- 
tromagnetic response with temperature, we have per- 
formed a calculation for the magnetic field penetration 
depth (jlip with different temperatures, and the results 
of the AA(T) = X(T) - A(0) as a function of temper- 



ature T for 8 — 0.13, (solid line), 8 = 0.15 (dashed 
line), and 8 = 0.20 (dash-dotted line) are plotted in Fig. 
[1] in comparison with the corresponding frequency shift 
A/(T) of the resonator [16| for Pr2_ K Ce a; Cu04_a (in- 
set). This frequency shift A/(T) is proportional to the 
change of the magnetic field penetration depth AA(T), 
i.e., A/(T) = f(T) - /(0) = G[\(T) - A(0)], where G is 
a geometrical factor that depends upon the sample shape 
and volume, as well as the coil geometry (16J . As in the 
hole-doped case [g, Il9| . our results show nearly linear 
characteristics of the magnetic field penetration depth, 
except for the extremely low temperatures (T < 8K), 
where a strong deviation from the linear characteristics (a 
nonlinear effect) appears, which are in qualitative agree- 
ment with the experimental data of the electron-doped 
cuprate superconductors flftjl8| |. 
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FIG. 2: The temperature dependence of the superfluid den- 
sity for 8 — 0.13 (solid line), 8 = 0.15 (dashed line), 8 — 
0.20 (dash-dotted line) with t/J = -2.5, t'/t = 0.3, and 
J = 1500K. Inset: the corresponding experimental data of 
P^-iCe^CuCU taken from Ref. uA . 

Now we turn to discuss the doping and temperature de- 
pendence of the superfluid density p s (T), which is propor- 
tional to the squared amplitude of the macroscopic wave 
function, and therefore describes the SC charge carriers. 
With the help of the magnetic field penetration depth 
in Eq. (fTTj) , the superfluid density of the electron-doped 
cuprate superconductors can be expressed as, 



p s (T) = \-\T) 



(12) 



Since the magnetic field penetration depth A(T C ) — oo at 
T = T c as mentioned above, this leads to the superfluid 
density p s {T c ) — 0. For a better understanding of the 
evolution of the superfluid density with temperature, we 
have further performed a calculation for the superfluid 
density (|T2"j) with different temperatures, and the results 
of p s (T) as a function of temperature for 8 = 0.13 (solid 
line, T c = 28K), 5 = 0.15 (dashed line, T c = 34K), and 



8 = 0.20 (dash-dotted line, T c = 31K) are plotted in Fig. 
[2] in c omp arison with the corresponding experimental re- 
sults [14| of Pr 2 _ 2 ;Ce 2 :Cu04 (inset). Our results show 
clearly that the superfluid density p s {T) exhibits a lin- 
ear variation with temperatures, however, in correspon- 
dence with the nonlinear temperature dependence of the 
magnetic field penetration depth at the extremely low 
temperatures (T < 8K) as shown in Fig. [TJ p s (T) also 
crosses over to a nonlinear temperature behavior at the 
extremely low temperatures, which also are qualitatively 
consistent with the experimental data of the electron- 
doped cuprate superconductors [l4l - [l8| . 

The essential physics of the doping and tempera- 
ture dependence of the electromagnetic response in the 
electron-doped cuprate sup erconductors is the same as 
in the hole-doped case [19| except the nonmonotonic d- 
wave gap ([5]). Our results indicate that although the non- 
monotonic d-wave SC gap (|5|) modulates the renormal- 
ized charge carrier quasiparticle spectrum in the electron- 
doped cuprate superconductors, it does not effect the 
overall global feature of the doping and temperature de- 
pendent magnetic field penetration depth (then the su- 
perfluid density). A crossover from the linear temper- 
ature dependence at low temperatures to a nonlinear 
one at the extremely low temperatures in the magnetic 
field penetration depth (then the superfluid density) is 
a basic consequence of the d-wave SC gap. However, 
although the momentum dependence of the SC gap §5§ 
in the electron-doped cuprate superconductors obviously 
deviates from the monotonic d-wave SC gap [30J, it is 
basically consistent with the d-wave symmetry. This is 
why the behavior of the electromagnetic response in the 
electron-doped cuprate superconductors is similar to that 
observed in the hole-doped cuprate superconductors with 
a monotonic d-wave gap. 

In summary, within the framework of the kinetic en- 
ergy driven SC mechanism, we have studied the doping 
and temperature dependence of the electromagnetic re- 
sponse in the electron-doped cuprate superconductors. 
Our results show that although there is an electron-hole 
asymmetry in the phase diagram, the electromagnetic re- 
sponse in the electron-doped cuprate superconductors is 
similar to that observed in the hole-doped cuprate su- 
perconductors. The superfluid density depends linearly 
on temperature at the low temperatures, except for the 
strong deviation from the linear characteristics at the ex- 
tremely low temperatures. 
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